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Abstract 
Based on the dielectric constant distinction between frozen and unfrozen soils, Ground Penetrating Radar(GPR) were widely 
used on frozen soils detection. However, the study of frozen soils dielectric constant was focused on the natural permafrost at 
land surface, and there were no current research achievement about deep frozen soils dielectric constant. Traditional methods 
such as Common Middle Point (CMP) and Common Depth Point (CDP) could not be used to measure the dielectric constants of 
deep frozen soils because of the complexity of underground engineering so that we applied laboratory tests to the Dielectric 
constants of several typical mine soil samples at 0.1~1GHz, -30~25℃, and different water content by using Vector Network 
Analyzer (VNA), and established the empirical formula. The research findings could be applied to ground penetrating radar 
detection, electromagnetic wave tomography etc., and used in quantitative inversion of frozen soil temperature field and safety 
evaluation of frozen soil engineering.    
Keywords: deep frozen soils; dielectric constant (DC); vector network analyzer (VNA);ground penetrating radar(GPR). 
1. Introduction 
Artificial freezing is the main method to pass deep alluvium or fracture rock at present, and widely used in 
stratum reinforcement, such as subway by-pass, deep excavation, shield access sections et al. More than 50 deep 
alluvium shafts have been built in China since 2000, among them the Guotun mine with the frozen alluvium depth 
of  587.5m was the deepest frozen alluvium of the world.  
However, accidents such as the freezing pipe breaking and supporting structure fracturing occurred sometimes [1] 
in artificial freezing engineering. Therefore, it was necessary to find a highly efficient, high-precision non-
destructive testing method in freezing wall monitoring.  
Based on distinct difference of dielectric constant between frozen and unfrozen soils, ground penetrating radar 
(GPR) method was widely used in shallow geological survey, such as polar regions and permafrost regions 
 
* Corresponding author. Tel.: +86-516-83995602; fax: +86-516-83995678. 
E-mail address: slcumt@126.com. 
187 -     © 2009 Published by Elsevier B.V. 
doi:10.1016/j.proeps.2009.09.082
8 5220
www.elsevier.com/locate/procedia
Procedia Earth and Planetary Science 1 (2009) 519–523
Procedia Earth 
and Planetary 
Science 
Open access under CC BY-NC-ND license.
 S. Lei et al. / Procedia Earth and Planetary Science 1 (2009) 5  19–5  23 
explorations [2-5]. Dielectric constant studies were the basement of remote sensing and electromagnetic exploration 
etc. Series of empirical formulas such as Dobson formula [6] and Zhang model[7] were established by coaxial 
reflection test in laboratory and TDR method in situ etc. The studies of rock dielectric constant were carried out in 
well-logging besides. Tang Lian, Xie Ran-hong studied the phenomenon of rock dielectric dispersion on different 
frequency bands and obtained the relationship among rock dielectric constant, porosity, water saturation, salinity [8,9]. 
Luo Binhong measured the dielectric constant of the carbonate rock by open-end line test system [10] etc.  
Based on the studies of natural frozen soils, GPR exploration were carried out in several artificial freezing 
engineering, such as Geting, Jixi and Zhaolou mines etc. The GPR profile characteristics of the frozen wall at 
different stages were attained by FDTD simulation  and field measurement [11]. However, the study of frozen soils 
dielectric constant was focused on the natural permafrost on land surface, and no study has been done on deep 
frozen soils dielectric constant which constrained the precision of GPR exploration. Because of the complexity of 
underground engineering, traditional methods such as Common Middle Point (CMP) and Common Depth Point 
(CDP) could not be used to measure the dielectric constant of deep frozen soils, so laboratory tests were prompted.  
The clay soil samples were collected from Longgu mine at -526 m depth. We measured the dielectric constants 
by using Vector Network Analyzer (VNA) with coaxial probe method under different water content between 25~ -
30℃, in 0.1~1GHz frequency band and established the empirical formulas of dielectric constant. The result could be 
applied to ground penetrating radar detection, electromagnetic wave CT etc. and used in quantitative inversion of 
freezing soil temperature field and safety evaluation of freezing soil engineering. 
2. Planning and implement of experiment 
Soil samples were disposed of through oven drying, milling and sieving, and prepared with 4 levels mass water 
content as 14.4%, 30.27%, 41.00% and 63.72% in consideration of the notable influence of water content on frost-
heaving and thawing-settlement.  
Thermostat was used to control soil samples temperature with 8 levels from room temperature to -30℃. The 
dielectric constant was measured 30 minutes after temperature stabilization in order to ensure the repeatability of 
data. 
A vector network analyzer E8362B (0.1~20GHz frequency sweeping) and 85070E dielectric probe kit were used 
in DC measuring. Coaxial probe technique was used in dielectric constant measurement. The dielectric constant of 
Longgu clay soil at 0.1~1.0GHz frequency band were analyzed in this paper. 
3. Analysis of data measured 
3.1. Relationship between dielectric constant and frequency 
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(a) W=30.27% 
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(b) W=63.72% 
Fig. 1. Relationship between measured values of dielectric constant (real) and frequency in different temperature in different mass water content 
The relationship between real part of dielectric constant ( 'ε ) and frequency were showed in Fig.1. At measured 
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temperatures level, when f<0.5GHz, the dielectric constant of Longgu clay soil shows frequency dispersion 
characteristics.  The frequency dispersion of  'ε  becomes weaker as temperature decreasing.  
The dispersion of 'ε  is mainly caused by water contented in soil because the dielectric constants of soil granule, 
air and ice are constant at 0.1~1.0GHz frequency band[7],  After freezing, water contented will be transferred into ice 
continuously, which leads to weaker dispersion as temperature decreasing. 
3.2. Relationship between dielectric constant  and mass water content 
The relationship between 'ε  and mass water content (W) is showed in Fig. 2. Before freezing (T=24.5℃), the 
mass water content has most important influence on 'ε , and when T and f  are fixed, the real part of dielectric 
constant( 'ε ) increases with W rising. 
T=24.5℃
5
15
25
35
45
55
10% 20% 30% 40% 50% 60% 70%
Water Contant /%
Di
el
ec
tr
ic
 C
on
st
an
t 
(r
ea
l)
0.1GHz
0.249GHz
0.4901GHz
0.8097GHz
1.0264GHz
 
(a)T=24.5℃ 
T=-30.0℃
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(b)T=-30.0℃ 
Fig. 2. Relationship between dielectric constant(real) and mass water content in different temperature in different frequency 
After freezing (T=-30.0℃), the variation of dielectric constant is more complex. When T and f are fixed, if W 
<30%, the dielectric constant ( 'ε ) increases as W rising; if W>30%, the dielectric constant ( 'ε ) decreases as W 
rising.  
It is well known that 'ε  of water, ice, soil are about 80, 3.15, and 4~8 respectively. Before freezing, the higher W 
the soil sample is, the bigger 'ε would be measured. After freezing, water in soil will be transferred into ice 
successively. Because 'ε  of ice is far less than water, and less than soil granule too, the dielectric constant decreases 
obviously when W >30.27% after freezing. 
3.3. Relationship Between Dielectric Constant(real) and Temperature 
The relationship between 'ε  and T is showed in Fig.3. At freezing point, 'ε  changes abruptly, and the more 
water contented, the higher variation value would be measured. At given W and f, before freezing, 'ε  changes 
slowly with rising T; After freezing, 'ε  gradually increases with rising T. 
W=30.27%
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W=63.72%
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Fig. 3. Relationship between dielectric constant (real) and temperature in different mass water content in different frequency (a) W=30.27%(b) 
W=63.72% 
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 3.4. Dielectric constants dispersion formula of deep freezing clay soil 
Through regression analysis, a function of 'ε  could be established as following: 
)/exp('' 00 ffA −+= εε                                                                             (1) 
Where, 'ε  is the real part of dielectric constant, f is frequency (GHz), 0'ε , A, f0 are coefficients decided by mass 
water content, temperature and density. The mass water content is the main influencing factor. Coefficients of 
formula (1) are showed in Tab. 2. 
From Tab. 1 we know that 0'ε , A, f0 drop too as temperature dropping, and 'ε  changes abruptly at freezing point. 
Table 1. The simulation results of Longgu deep clay soil’s delectric constant(2 mass water content levels) 
W (%) T/℃ '0ε  A f0 (GHz) Correlation coefficient R 
30.27 
26.2 27.96 26.66 0.205 0.9982 
10.0 28.24 21.78 0.180 0.9970 
0.3 28.11 17.87 0.157 0.9966 
-1.3 28.08 18.19 0.147 0.9965 
-5.0 15.28 9.02 0.162 0.9953 
-9.8 12.99 6.45 0.147 0.9925 
-20.0 11.09 4.42 0.133 0.9795 
-30.1 9.19 2.98 0.165 0.9531 
63.72 
23.1 40.20 23.12 0.205 0.9972 
9.5 41.90 18.56 0.189 0.9967 
0.1 42.98 16.61 0.159 0.9955 
-0.9 43.11 17.01 0.150 0.9938 
-4.2 9.56 3.87 0.191 0.9782 
-10.3 8.16 3.03 0.127 0.9185 
-20.1 7.13 4.95 0.058 0.8000 
-29.6 6.34 5.47 0.053 0.8605 
4.  Conclusions and discussions 
From the measurement and analyzes of Longgu deep clay soil’s dielectric constant, we can conclude:  
1) Longgu clay soil takes on a characteristic of frequency dispersion at measured temperature level, and the 
dielectric constant ( 'ε ) decreases as frequency (f) rising. When f is greater than 0.5GHz and less than 1.0GHz, 'ε  
changes little. 
2) Mass water content has most important influence on dielectric constant before freezing (T=24.5℃). After 
freezing (T=-30.0℃), the variation of dielectric constant is more complex, when T and f are fixed, dielectric constant 
( 'ε ) increase at first, then decrease as W rising. 
3) Dielectric constant of freezing soil is largely decided by freezing process, and changes abruptly at freezing 
point. The more water contented, the higher variation value would be measured. 
4) The 'ε regression function of Longgu clay soil was established, which could reveal the dispersion 
characteristics according to the regression the analysis of the dielectric constants. 
Suggestions:  
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1) Frost heaving and thawing settlement change the contact state between probes and soil samples, which might 
lead to a great deviation. Because lab testing conditions are different from field conditions, it is necessary to carry 
out measurement in-situ in future studies. 
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2) The research findings could be applied to ground penetrating radar detection, electromagnetic wave 
tomography etc., and used in quantitative inversion of freezing soil temperature field and safety evaluation of 
freezing soil engineering. 
Acknowledgements 
The Authors specially thank F.J. Niu, G.R. Wang, S.G. Yang et al. of State Key Laboratory of Frozen Soil 
Engineering and L.X. Zhang, J.M. Pan, S.J. Zhao of Beijing Normal University for helping the testing and advices. 
This work was funded by National Natural Science Foundation of China No.40604015 & 40801032; and “Eleventh 
Five-Year” Supporting Plan No.2006BAB16B01; and State Key Laboratory of Frozen Soil Engineering open 
foundation No.SKLFSE200704. 
References 
[1] G. X. Cui, W. H. Yang, H. L. Lǔ, Frozen wall and shaft lining surrounded by thick and deep surface soil [M].Xuzhou: Press of China 
University of Mineral & Technology, 1998.   
[2] S. M. James Ground penetrating radar applications in engineering, environmental management, and geology [J].Geophysics, 61 (1996) 
373~386. 
[3] Z. W. Gu, The application of ground probing radar to geological investigation on ground in cold regions[J]. Journal of Glaciology and 
Geocryology, 16 (1994) 283-288.   
[4] Y. Zhang, Distribution characteristics of the permafrost in the section from Heihe To Bei'an in the Xiao Hinggan mountains[J]. 
Journal of Glaciology and Geocryology, 23(2001) 312-317.  
[5] G S Wang, H J Jin, Q. Lin, Application of Time-Domain Reflectometry (TDR) to determine parameters of frozen-unfrozen soils in 
cold regions [J].Journal of Glaciology and Geocryology, 20 (1998) 88-92.   
[6] M C Dobson, F T Ulaby, M T Hallikainen, Microwave dielectric behavior of wet soil-part II:dieletric mixing models. IEEE 
Transactions on Geoscience and Remote Sensing, 1985.  
[7] L X. Zhang, J C. Shi, Z. Zhongjun, The estimation of dielectric constant of frozen soil-water mixture at microwave bands. Proceedings 
of IGRASS’03 , Toulouse , France, 2003. 
[8] L Tang, Y X Han, S Q Zhang, 1995. The Experimental Study of the Rock Dielectric Dispersion at High Frequency. Geophysical 
Prospecting for Petroleum. 34 (3) 109~113.   
[9] R H. Xie, Property of Dielectric Dispersion in Radio Frequency Range. Journal of the University of Petroleum. 25 (2001) 90~92.  
[10] B H Luo, Q S. Meng, Study on Dielectric Coefficient of Carbonate Rock, Soil Eng. And Foundation, 22 (2008) 77~79.   
[11] L Song, T F Liu, J H Huang, The Study of Ground Penetrating Radar (GPR) Exploration on Artificial Frozen Wall Development. 
Journal of China university of Mining &. Technology, 34 (2005) 143~147. 
523S. Lei et al. / Procedia Earth and Planetary Science 1 (2009) 5  19–5  23 
